We have investigated the systemic anti-HIV antibody response in chimpanzees who were immunized with live vaccinia containing either the HIV envelope glycoprotein (gpl60mB) or a control antigen (herpes simplex virus glycoprotein D) and then challenged with either a high dose (300,000 TCID50) or low dose (100 TCID50) of HIVIIIB. HIV was subsequently isolated from all animals, indicating failure of the vaccination to protect against HIV infection. Serum antibody responses were evaluated before immunization, at the time of challenge with HIV, and at multiple time points in the 9 mo after challenge. Immunization resulted in a more rapid rise of antibody to gp160 in both high and low dose animals. Antibodies to the V3 loop induced upon infection were unaffected by immunization. In low dose animals, neutralizing antibody rose more rapidly and to higher levels in the immunized animals as compared with the control. There was no difference in neutralizing antibodies between immunized and control chimpanzees in the high dose group. Epitope mapping ofthe anti-gp160 response indicated that immunization with gp160 vaccinia induced a postinfection antibody response to a region of gp41 (amino acids 718-743) that was not immunogenic in control-vaccinated animals. These data indicate that failed vaccination with the HIV envelope can alter both the timing and epitope specificity of the subsequent anti-HIV antibody response. These studies also define the evolution and fine specificity of the antibody response during the critical period immediately postinfection. (J. Clin. Invest. 1994.
Introduction
The development of an effective vaccine to prevent infection with HIV is of major importance in preventing the worldwide spread of AIDS. The effort to develop a vaccine has involved studies in nonhuman primates (1) (2) (3) (4) (5) (6) (7) as well as phase I clinical trials in humans (8) (9) (10) (11) (12) (13) . Although protection has been obtained in some simian models, extension of these results to humans might be problematic, since protection was obtained against challenge in very controlled circumstances, usually at the peak of the immune response resulting from immunization. Vaccine efficacy trials are currently being planned, driven by the perceived need for vaccines to halt the ongoing spread of AIDS ( 14) . In view ofthe uncertainties in AIDS vaccine development, we must consider the possibility that early efficacy trials may fail.
Initial human trials have used subunit vaccines based upon the HIV envelope protein(s) gpl 60 and gp120, and have found them to be weakly immunogenic (8, (10) (11) (12) . However, one protocol, involving vaccination with a vaccinia virus expressing gpl 60 followed by booster immunization with recombinant gpl60, induced high titers of anti-gp160 (9, 15) . Moreover, a similar protocol using simian immunodeficiency virus gp160 protected macaques against challenge with infectious simian immunodeficiency virus (5) . Because this protocol uses substantially less recombinant antigen and induces a greater immune response, gp 160 vaccinia priming may be a candidate for future phase II and III clinical trials.
Although reports of HIV vaccine trials in chimpanzees have evaluated their antibody response after immunization, as well as protection against infectious challenge, none has studied the postinfection response in detail. Defining the immune response after unsuccessful vaccination should provide information regarding both the evolution of an immune response after infection with a defined virus and the effect of immunization on this response. We have recently compared the fine specificity of the anti-HIV envelope antibody response in vaccinees and in lab workers infected with the same strain of HIV (IIIB/ LAV), and found significant differences in the responses induced by immunization vs. natural infection (15) . In this work, we have used similar techniques to study the systemic antibody response in chimpanzees that were immunized with vaccinia expressing gpl6OI1jB, but were not protected against subsequent challenge with the homologous strain of HIV. The data indicate that failed vaccination with the HIV envelope can alter both the kinetics and epitope specificity of subsequent antibody responses to HIV infection. Alterations induced by failed vaccination of chimpanzees resembled those of humans immunized with gp160 vaccinia. These data implicate gpl60 vaccinia as inducing antibody to a specific epitope.
Methods
HIV strains. The vaccine used in this manuscript expressed the envelope protein derived from the LAV (LAI) strain of HIV (16) . The envelope protein ofthe molecularly cloned HIV isolate NL4-3 was also derived from LAV (17) . The chimpanzees were infected with the HTLV-IIIB strain of HIV that had been passaged twice through chimpanzees (3) . Whether LAV and IIIB are distinct isolates remains a matter of contention, but the sequences of the two isolates are highly related. There are small differences in the envelope sequences of the two isolates, as there are between molecular clones of the IIIB isolate. For the sake of consistency, we will refer to these strains as IIIB throughout the manuscript.
Immunization and infectious challenge. Chimpanzees were housed at the Southwest Foundation for Biomedical Research (San Antonio, TX). The study was conducted under a National Institutes of Health approved animal protocol. Vaccine consisted of recombinant vaccinia virus (New York City Board of Health strain) expressing either HIV gpI60,IIB or herpes simplex virus type I glycoprotein D (gD)'. Chimpanzees were vaccinated with 1-2 X 108 plaque-forming units of vaccinia virus by scarification with a bifurcated needle on two occasions 8 wk apart. 8 wk after the second vaccination, the chimpanzees were challenged intravenously with either 300,000 or 100 tissue culture infective dose 50% (TCID50) HIV-lI,,B. Animals were bled serially for 1 yr after the infectious challenge. HIV was isolated from peripheral blood mononuclear cells ofall chimpanzees. HIV was first isolated 2-3 wk after infectious challenge, and was consistently present for the first 3 mo postinfection. There was no difference in kinetics or magnitude of HIV isolation between gp 160 and gD-immunized chimpanzees. Table  I identifies each animal, its vaccination, and challenge dose.
Immunoassays. All assays used in this study are described in detail elsewhere (15) . ELISAs were performed on recombinant protein adhered to microtiter wells at 1 gg/ml, and soluble peptides at 5 qg/ml. Serum samples were tested at a 1:1,000 dilution. The following recombinant antigen was used: gpl6I0IIB denatured in 8 M urea (Repligen, Cambridge, MA). Synthetic peptides were synthesized using a peptide synthesizer (431A; Applied Biosystems, Inc., Foster City, CA). The following synthetic peptides were used: Vl (amino acids [AA] 131-156; numbering according to reference 18, sequence of HXB-2B), CTDLKNDTNTNSSSGRMIMEKGEIKNC; V3 (AA 297-330), TRPNNNTRKSIRIQRGPGRAFVTIGKIGNMRQAH; and mid-gp4l (AA 718-743), QTHLPTPRGPDRPEGIEEEGGERDRD.
Chimpanzee antibodies were detected with alkaline phosphatase-conjugated anti-human immunoglobulins (anti-IgG, IgA, IgM; Zymed Laboratories, South San Francisco, CA) and p-nitrophenyl phosphate substrate (Sigma Chemical Co., St. Louis, MO). Data are reported as optical density at 405 nm and represent means of triplicate values.
Epitope scanning was performed by the method of Geysen et al. (19) . A set of 283 overlapping 12-mer peptides was constructed on solid supports (Chiron Mimotopes, Emeryville, CA). Peptides began every third AA (starting at the amino terminus), and thus had a nine-AA overlap. Sequences used to construct the peptides conform to those of the BH10 isolate of HTLV-IIIB. Five control pins with irrelevant peptides were included. Before use the peptides were blocked with 3% BSA (Sigma Chemical Co.), 0.1% Tween-20 in PBS. The supports were incubated with the test serum diluted 1:5,000 in PBS, 1% BSA, followed by successive washings and incubation with alkaline phosphatase-conjugated goat anti-human Ig antibody and then substrate. Data are reported with the background absorbance of the control pins subtracted. After each use of the peptide support matrix, antibodies were rigorously desorbed and the pins tested for residual antibody (15) .
Virus neutralization was performed using a focal infectivity assay (FHA) (15, (20) (21) (22) . The molecularly cloned HIV strain NL4-3 was used in the neutralization assays. A pretitered dilution of cell-free virus was mixed with the serum to be tested and incubated for 1 h at 370C. The mixture was then transferred to a monolayer of CD4 + HeLa cells (cell line 1022) for 3 h. The monolayer was washed free of virus and antibody, and fresh media were added and incubated for 3 d. The cells were fixed and HIV-infected cells identified by immunoperoxidase staining associated with the characteristic morphology of a syncytium.
Results
Antibody to recombinant Env protein. Fig. 1 shows the binding of serum antibodies to recombinant envelope protein gp160. A small increase in antibody was seen 2 wk after the booster vacci-1. Abbreviations used in this paper: AA, amino acids, FIA, focal infectivity assay; gD, glycoprotein D; TCID50, tissue culture infective dose 50%. wk in the control animals compared with those receiving gp 160 vaccine. Antibody levels in all animals remained high throughout the year after infection. Although this ELISA was performed with denatured gp 160, similar results were seen when sera were tested on native (i.e., CD4-binding) Vero cell-expressed gpl60. Anti-V3 antibodies. Antibody to the V3 loop of gpl20, a principal neutralizing and tropism-determining domain, was assayed on peptides in two different ways. First, the amount of antibody was measured on a peptide (AA 297-330) representing the entire V3 loop, except its terminal cysteines (Fig. 2) . Second, the fine specificity was determined on a set of overlapping 12-mer peptides (Fig. 3 ). As indicated in Fig. 2 , no anti-V3 antibody was induced by vaccination before infection. After infection, antibody levels did not appear to rise more rapidly, nor did they reach higher levels in gpl60-vaccinated animals compared with controls. In most chimpanzees the level of anti-V3 antibody reached a peak, and then began to decline, as opposed to antibody levels to the entire gpl6O, which maintained a plateau level for the entire time ( Fig. 1 ). The fine specificity ofthe anti-V3 response was affected neither by prior vaccination nor by infective dose (Fig. 3 ). However, there was a consistent evolution of the response with time after infection. Early sera (8 wk postinfection) bound to multiple peptides over the central portion of the loop, while antibodies obtained later (9 mo postinfection) were more focused on peptides located at the very tip of the loop. This latter pattern is identical to that of laboratory workers infected with HIVUIIB and is distinctly different from that seen in humans who have been immunized with gpl60 subunit vaccines (15) .
Neutralization by chimpanzee sera. Neutralization of HIV expressing the homologous envelope was studied with a FIA using the CD4+ HeLa cell line 1022 (20, 22) (Fig. 4 ). Neutralization was measured as inhibition in the numbers offoci. Vaccination did not result in production ofany detectible neutralizing antibody. After challenge, the high dose group produced neutralizing antibody more rapidly than the animals challenged with a low infectious dose. In the low dose group, the control animal produced less neutralizing antibody at each time point than either of the gpl6O-vaccinated animals, suggesting that vaccination may have enhanced the production of neutralizing antibody. However, this was not the case in the high dose animals. The production of neutralizing antibody was not closely correlated with either anti-gp 160, anti-V3, or CD4-gp 120 blocking antibody levels. Although Fig. 4 only shows data from a single antibody dilution, sera from each of the time points have been titered over a range ofdilutions from 1:20 to 1:540 with the same results.
A component of neutralizing antibody is antibody that blocks the interaction between CD4 and gpl20 (23) . We have measured this interaction using a previously described solid phase assay (15) . Immunization did not result in the production ofsuch antibodies. After infection, five ofsix chimpanzees developed blocking antibodies. There was no relationship between immunization or infectious dose and the development ofblocking antibodies after exposure to HIV (data not shown).
Epitope mapping the anti-envelope response. We mapped the fine specificity of the anti-envelope response using synthetic peptides. We have identified immunogenic regions of gp 160 with a set of 283 overlapping 12-mer peptides on immobilized supports using the method of Geysen et al. (19) . This method is semiquantitative at best, since only a single serum can be tested in each experiment. To quantitate antibody levels to important epitopes, we have used soluble peptides adsorbed to the wells of microtiter plates. Fig. 5 shows the results of Geysen mapping on a single chimpanzee at three different time points. No significant binding was observed before vaccination. By 8 wk after infection an immune response to well-defined areas ofgp 160 had developed. Immunodominant regions included the V3 loop (AA 300-330), carboxy terminus of gp120 (AA 480-510), previously defined immunodominant regions in the amino-terminal third of gp4l (AA 580-610), mid gp41 (AA 700-730), and the carboxy terminus of gp41 (AA 820-850). At 9 mo postinfection, there had been some shift in the epitope specificity, but many of the same regions remained immunodominant. In comparing the different chimpanzees, antibody was detected to the same regions of gp 160, and there was no difference between the control and gp 160-vaccinated animals.
In a previous report we demonstrated that immunization of humans with gpl60 resulted in a marked antibody response to a region in mid-gp4l (AA 720-740) that was not seen in lab workers infected with H1VIIIB ( 15 ) . Antibodies to this region were originally reported to be neutralizing (24, 25) , although this remains a matter of much controversy ( 15) . We PEPTIDE NUMBER PEPTIDE NUMBER Figure 3 . Fine specificity of the anti-V3 response. Sera obtained 8 wk (A) and (B) 9 mo postinfection. Epitope mapping was performed using "Geysen" peptides covalently attached to the tips of plastic supports. A 1:5,000 dilution of serum was tested. Binding was detected with antihuman Ig conjugated to alkaline phosphatase and a chromogenic substrate. Optical density is shown on the vertical axis. Only a single serum was tested at a given time, so quantitative comparisons cannot be made. The peptides attached to the supports are arrayed on the horizontal axis with the closest to the amino terminus on the left (no. I ) and proceeding toward the carboxy-terminal peptides to the right. The peptides were: (1) VQLNQSVEINCT, (2) NQSVEINCTRPN, (3) VEINCTRPNNNT, (4) NCTRPNNNTRKS, (5) RPNNNTRKSIRI, (6) NNTRKSIRIQRG, (7) RKSIRIQRGPGR, (8) IRIQRGPGRAFV, (9) QRGPGRAFVTIG, (10) PGRAFVTIGKIG, (11) AFVTIGKIGNMR, (12) TIGKIGNMRQAH, (13) KIGNMRQAHCNI, (14) NMRQAHCNISRA, (15) QAHCNISRAKWN, (16) CNISRAKWNNTL.
an ELISA to measure antibody to a peptide representing this region (Fig. 6) . The results clearly indicate that vaccination with gp 160 primed animals for the induction of this antibody subsequent to infection. Low levels of antibody to the mid-gp41 epitope were seen after immunization and before infectious challenge. After infection, high levels of antibody to mid-gp41 were detected in the gp160-vaccinated but not the control animals. Thus, vaccination with gp160 can shape the epitope specificity of the subsequent immune response to HIV infection.
We have identified the VI loop of gpl20 (AA 131-156) as an immunodominant epitope in lab workers infected with HIVIIIB (S. H. Pincus, et al., manuscript submitted for publication). Previous studies by others failed to identify this epitope because of the variability of the region and the inability to test for antibodies on a peptide representing the sequence of the infecting virus. We have tested the chimpanzee sera for the presence of antibody to the V1 loop (data not shown). Such antibody was seen in three of the six chimpanzees tested, all of whom were vaccinated with gp 160. Antibody did not arise un-til at least 4 mo postinfection. It is possible that with more time the other chimpanzees will also develop anti-VI antibody.
Discussion
Processing and presentation of antigen to the immune system have been the subject of detailed molecular analyses and involve many steps. Differences in antigen presentation can affect the outcome of the immune response. The immune response to the HIV envelope protein(s) gpl20 and gpl60 is particularly well studied because of its importance in developing a vaccine to prevent AIDS. We fine mapped the human (15) , and now chimpanzee, anti-Env response. Because our studies were restricted to subjects exposed to a single strain of HIV (IJIB), their response can be studied in greater detail than has previously been done. The results clearly implicate gp 160 vaccinia in stimulating production of antibody to a particular epitope. These analyses emphasize that the form in which an antigen (gp 1 60) is presented as immunogen (vaccinia, as op-Anti-HIVAntibody Response posed to HIV or recombinant protein) influences the epitope specificity ofthe resulting response, not just the magnitude and kinetics. The form of the antigen can influence presentation in multiple ways, including persistence of antigen, changing the kinetics of antigen uptake into antigen-presenting cells, and even altering which populations of cells may serve to present antigen. These studies underscore that factors other than the primary structure of the antigen itself and genetic makeup of the responding animal can define epitope specificity. Human trials of AIDS vaccines are ongoing and efficacy testing will soon begin. Initial trials have involved subunit vaccines based on the HIV envelope proteins gp 160 and gp 120, or fragments thereof. The material is of low inherent immunogenicity. Multiple injections of 50-640 ltg of recombinant protein are required to produce sustained antibody responses ( 13) ; in comparison, immunization of humans with hepatitis B surface antigen requires three injections of 10 /Ag. Developing countries will have difficulty paying for such quantities of vaccines. Fortunately, protocols are being developed that allow for the production ofhigh levels ofantibodies, but use less recombinant antigen. One such protocol involves priming with live gpl 60 vaccinia followed by a boost with recombinant gpl 60 Figure 5 . Epitope mapping the anti-gp 160 response. Sera from chimpanzee 124 at three different time points were analyzed on a set of 283 overlapping 12-mer "Geysen" peptides (having a nine-AA overlap) as described in Fig. 4 . The horizontal axis is numbered according to the AA number of the amino terminus of the peptide. Early serum is 8 wk postinfection and late serum is 9 mo postinfection.
(9). Because of the success of this "prime/boost" protocol, vaccinia priming may be used in some phase II and III clinical trials.
In this report we have documented the antibody response of chimpanzees vaccinated with gp I60111B vaccinia and then infected with the same strain of HIV. These experiments were designed to determine the effect of vaccination upon the antibody response to infection, as well as to study the evolution of this response with time after infection. We find that unsuccessful vaccination affected both the kinetics and epitope specificity ofthe subsequent antibody response to HIV infection, even though vaccination alone induced only minimal responses. Alterations induced by failed vaccination in chimpanzees were similar to those seen in humans immunized with gpl60 vaccinia ( 15 ) . A unique effect ofgp 160 vaccination is the development of antibody to the mid-gp4 l epitope (Fig. 6 ). Low levels of this antibody appeared before infection; antibody titers rose dramatically within 4 wk of infection. Little if any such antibody occurred in control vaccinated chimpanzees. These data resemble our findings on human vaccinees receiving IIIB-based envelope subunit vaccines and on humans infected with HIVIJIB ( 15; and S. H. Pincus and K. G. Messer, unpublished results). In those studies, vaccinees in the prime/boost protocols produced high levels of antibody to the mid-gp41 epitope. None was seen in the lab worker sera. There were sporadic responders in other vaccine protocols, and only 3 of 28 random HIV sam- ples were antibody positive. All told, the data strongly implicate gp 160 vaccinia as the agent responsible for priming for the induction of anti-mid-gp4 1 antibody. Having demonstrated that antibody specific to the mid-gp41 epitope is induced by gp 1 60-vaccinia, we should ask if such antibody has functional significance. Unfortunately, the data are contradictory. Most structural predictions suggest this epitope lies on the cytoplasmic side ofthe cell membrane (26) . Yet there are several reports that this epitope has functional importance (24, 25, (27) (28) (29) . Our data with monoclonal antibodies and immunotoxins indicate that this epitope is not surface exposed, nor is it a target of neutralizing antibody ( 15) . Further studies in this area, involving common reagents, should soon define these issues regarding the mid-gp41 epitope.
The nature of neutralizing antibodies is important to determine. At least two different components have been defined:
anti-V3 and CD4-gpl 20 blocking antibodies (23, 30) . In the focal immunoassay we used, antibody was only present during incubation of target cells with cell-free virus; thus, this assay only measured early neutralization events. However, in studies of human vaccinees we have found that data derived with this assay correspond well to those obtained from more conventional assays in which antibody is present for the entire period of the assay ( 15 ) . Our previous results indicated that levels of neutralizing antibody correlated best with the fine specificity of the anti-V3 response and not with total levels ofanti-Env, anti-V3, or CD4-gp 120 blocking antibody ( 15 ) . The kinetics ofthe chimpanzee response support this notion. Anti-Env, V3, and CD4 blocking antibodies reached peak values at 8 wk postinfection, and then either remained the same or began to decrease, while levels of neutralizing antibody climbed throughout the observation period ( Fig. 4; and unpublished data) . However, during the period between 8 wk and 9 mo postinfection, the fine specificity ofthe anti-V3 response evolved so that it was more focused on the tip ofthe V3 loop, again suggesting that neutralization correlated best with the fine specificity of antibody to this region. Another factor in the increase in neutralizing antibody with time could be "affinity maturation" of the immune response, a well-described phenomenon in which the affinity of an immune response increases with time after antigen exposure ( 31 ) .
Each animal model of HIV infection has its own limitations. The chimpanzee is the only nonhuman that can be infected with HIV and in which the natural immune response to this infection can be followed. The number of experimental animals available is a major restriction in this model. We have used six in these studies and obtained results from two additional control chimpanzees, who were infected with different doses and forms of HIVIIIB than these chimpanzees. Results from those animals are consistent with those described here (S. H. Pincus and K. G. Messer, unpublished results). Another limitation of chimpanzee studies is the absence of clinical disease, precluding correlation of the immune response and disease progression.
Successful vaccine protection for chimpanzees against HIV infection has been obtained (2) (3) (4) . We have now obtained sera from > 20 chimpanzees who have been immunized according to different protocols and challenged with HIVIIIB. Many were protected, but some were not. In an effort to define correlates of protection, we are studying these sera as described here. At the same time we have extended our work with human vaccinees to include those receiving recombinant gp 1 20IIIB and gp I 60IIIB produced in mammalian cell culture. By comparing three populations (lab workers, vaccinees, and chimpanzees) who were all exposed to gp 160 derived from the same strain ofHIV but in different forms, we are defining the anti-Env antibody response at a molecular level and are evaluating factors influencing its epitope specificity. These studies have implications for the design and evaluation of HIV vaccines.
